A technique for nowcasting turbulent mountain waves over the Front Range of the state of Colorado is investigated using Moderate Resolution Imaging Spectroradiometer (MODIS) water vapor (6.7 m) channel imagery. Pilot reports of turbulence were examined to determine the probability of turbulence occurring when wave features were observed in the satellite imagery. Analysis of MODIS water vapor imagery indicated that mountain wave signatures were present for approximately 25% of the days during 2004. Approximately 75% of the severely turbulent days, as indicated by pilot reports, had wave signatures in the water vapor imagery. The wave signatures on the severely turbulent days had different characteristics in the imagery than the signatures on days that were less turbulent. The reports of severe turbulence were associated with complex patterns, the appearance of interference, or crossing wave fronts that extended downwind from the mountain ridge for a significant distance. The days that were less turbulent, as reported by pilots, had wave signatures with a simpler pattern, such as linear features orthogonal to the wind flow oriented parallel to one another.
Introduction
Turbulence is a hazard to both commercial and general aviation. A study of National Transportation Safety Board accident data for the years 1983-97 found that turbulence was responsible for 609 fatalities, 823 injuries, and an estimated loss of $134 million (Eichenbaum 2000) . Hazardous turbulence can be grouped into two distinct categories: in cloud and clear air. In-cloud turbulence events are generally associated with strong vertical motions within the primary updraft of convective storms (Lane et al. 2003) . Clear-air turbulence events are associated with a far more diverse set of atmospheric conditions: vertical wind shear near the upper-tropospheric jet stream (Endlich 1964) , gravity waves along upper-tropospheric frontal zones (Koch et al. 2005 ) and above convective storms (Lane et al. 2003) , and topographically induced (i.e., mountain) wave and rotor phenomena (Reiter and Foltz 1967; Clark and Gall 1982; Clark et al. 2000; Doyle and Durran 2002) .
Mountain, or lee, waves are caused when air flows over mountain ridges within a stably stratified atmosphere (Durran 1986) . Turbulence generated by mountain waves can be an aviation hazard due to strong vertical motions generated by these oscillating air currents. Clouds that form in the lee of mountain ranges are in rows quasi-parallel to the terrain disturbing the flow and orthogonal to the direction of the flow. In the absence of sufficient moisture in the atmosphere, wave clouds will not form, despite the fact that a welldeveloped lee wave may exist.
Satellite classification of orographic clouds began with the first weather satellite, the Television Infrared Operational Satellite (TIROS I), which was launched in 1960 (e.g., Conover 1964) . Since then, mountain wave cloud signatures have been observed in satellite imagery in a number of studies (e.g., Fritz 1965; Ernst 1976; Ellrod 1986 ). This study makes use of the Moderate Resolution Imaging Spectroradiometer (MODIS; King et al. 1992; Salomonson et al. 2002) instruments aboard the National Aeronautics and Space Administration (NASA) Earth Observing System (EOS) Aqua and Terra satellites. MODIS observations include measurements in the water vapor absorption channel at a 1-km nadir spatial resolution. These measurements provide a new opportunity to examine the spatial characteristics of mountain wave phenomena, particularly in clear-air conditions. The paper investigates mountain wave signatures in water vapor imagery as they relate to pilot reports of turbulence along the Colorado Front Range.
Observations

a. Pilot reports
Pilot reports (PIREPS) are statements issued by pilots to air traffic control facilities on the ground to alert them of potentially hazardous atmospheric conditions, ranging from low ceilings to convective weather (see Federal Aviation Administration 2006, chapter 7; hereafter FAA AIM). PIREPS are issued to the nearest ground facility with which communication is established, and that facility's location depends on the aircraft's current flight route location. The Enroute Flight Advisory Service (EFAS) is the central facility responsible for collecting and disseminating PIREPS to aircraft and air traffic control facilities. This service is specifically designed to provide weather and other dangerous condition briefings upon pilot request.
When pilots encounter turbulence and issue a PIREP, they are encouraged to include the following information: turbulence intensity, whether turbulence was in or near clouds, turbulence duration, aircraft type, location, and altitude. Aviation turbulence as reported in PIREPS is subjective as it is based on the response of the aircraft to the wind field rather than the turbulent state of the atmosphere. In an effort to mitigate the subjectivity, the FAA AIM includes a table with guidelines as to what constitutes light, moderate, severe, and extreme turbulence based on aircraft reaction and the reaction of passengers and objects inside the aircraft (see Table 1 ).
High-amplitude mountain waves, wind shear, rotors, and strong downslope windstorms can cause turbulence within and near mountainous regions. Relating PIREPs of turbulence caused by mountain waves at lower altitudes is complicated, since it is difficult to differentiate those reports from the turbulence caused by boundary layer processes. The mid-and high-altitude turbulence incidents are of particular interest to this study. The MODIS instruments on the Aqua satellite have overpasses of the Colorado region generally within 2 h of 0900 and 1900 UTC. PIREPS near the time of the 0900 UTC overpasses are generally scarce, as are flights during this time, so the analysis of MODIS data focused on imagery near 1900 UTC.
b. MODIS imagery
The Earth Observing System (EOS) is a group of NASA satellites whose observations of land surfaces, oceans, and the atmosphere are used to better understand the earth system and how it changes. Two of these EOS satellites are Terra, launched in 2000, and Aqua, launched in 2002. Both of these satellites are polar orbiting and carry the MODIS instruments (Salomonson et al. 2002) . MODIS has 36 spectral bands for collecting information about the earth system. The solar bands have spatial resolutions of 250 m, 500 m, and 1 km, and the infrared bands have spatial resolutions of 1 km.
The MODIS instruments provide new ways in which to analyze atmospheric phenomena, including lee waves. MODIS channel 27 (6.535-6.895 m) provides upper-tropospheric water vapor imagery at 1-km spatial resolution. Radiation at these wavelengths measured by the satellite sensor represents energy emitted by water vapor in the middle and upper troposphere, providing forecasters with useful information on the flow patterns at these levels. While the water vapor channel can occasionally observe the surface (Ackerman et al. 2005) , most of the radiant energy observed by the satellite is coming from altitudes above approximately 550 hPa (or 15 000 ft in a standard atmosphere). Typically, observations from geostationary satellites at this wavelength are used to provide information on large-scale flow. The 1-km resolution of MODIS reveals the presence of lee waves in both clear and cloudy skies. Figure 1 demonstrates the utility of the MODIS water vapor imagery by presenting visible, infrared window, and water vapor imagery for 6 March 2004. The mountain wave features are nonexistent or subtle within the visible and infrared window but very apparent in the 6.7-m-channel water vapor imagery. This study uses these MODIS water vapor observations to characterize lee waves as a function of PIREP indications of turbulence.
The MODIS 1-km images are composed of measurements from 10 detectors. Variability in the calibration of the detectors leads to "striping" in the imagery. To minimize these detector-to-detector artifacts, the MODIS bands have been destriped with an algorithm developed at the Space Science and Engineering Cen- MODIS imagery over the Front Range region of Colorado was monitored for mountain wave signatures for every day during the year 2004. Eighty-nine days exhibited lee-wave features in the water vapor channel. This 1-yr study is designed to determine the presence or absence of lee waves in the imagery, but does not provide direct information on the severity or longevity of the events. Turbulence associated with a lee-wave pattern is assessed using pilot reports of turbulence, which are subjective in nature. The MODIS imagery is used only to categorize the appearance of the waves. Our approach was to determine if the severity of lee-wave turbulence, as defined by PIREP, could be categorized based on the wave pattern observed by the satellite image.
Lee waves are capable of causing turbulence at all levels of intensity (Clark et al. 2000) , but not all lee waves cause turbulence. The focus for this study is the turbulence reports deemed moderate or greater: a number of four or higher in the pilot reports. An average number per day of moderate or greater reports within Colorado was calculated for the year 2004, as well as the standard deviation. To determine how tur- per day. Fifty-six days had a number of moderate or greater turbulence reports that exceeded the mean by at least one standard deviation. Of these 56 days, 26, or about 46%, exhibited wave signatures in the MODIS imagery. Thirteen days exceeded the mean by at least two standard deviations, and 9 of those 13 days (or about 70%) exhibited wave signatures in the satellite water vapor imagery. There are two days that had a significantly higher number of turbulence reports in Colorado and had wave signatures; 6 March and 20 December each exceeded the mean number of turbulence reports by over six standard deviations.
Lee-wave patterns in MODIS imagery
The wave signatures from the satellite imagery were examined for pattern differences between turbulent days and those on less turbulent days. Lee waves were grouped into one of six main patterns based on their appearance in the MODIS water vapor imagery in the Front Range region of northern Colorado. The six main patterns are as follows, and the associated figures are examples of each type.
Pattern 1 includes imagery in which the brightness temperature gradient across the waves is small (low amplitude) and the downstream extent of the pattern is small. The Aqua MODIS water vapor image at 2020 UTC 9 March 2004 is an example of this type of category 1 case (Fig. 3) . In addition to the 6.7-m brightness temperature image, Fig. 3 also shows the 6.7-m brightness temperature (BT 6.7 ) across the transect marked in the image to the left. The BT 6.7 variations across the wave pattern are generally less then 3 K.
Pattern 2 includes images that appear to have a lowamplitude wave that extends downstream from the mountain ridge, as was the case at 1940 UTC 28 December 2004 (Fig. 4) . The BT 6.7 variations across the wave pattern are generally less then 3 K, but the waves extend approximately 100 km out into the Great Plains.
Pattern 3 imagery is similar to category 2 except that the wave structure appears to include an interference pattern. An example case is shown for 2040 UTC 14 
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March 2004 (Fig. 5) . The BT 6.7 variations are generally less then 4 K in this case, but the waves extend out into the Great Plains and appear to have a herringbone-type structure, indicating some degree of wave interference. Pattern 4 imagery includes waves that have a large BT 6.7 gradient around the northern Front Range, but have a short extent downstream. An example case occurred at 2050 UTC 8 January 2004 (Fig. 6) . The BT 6.7 gradient across the primary wave is 6 K but it is closely anchored to the mountain range and does not extend into the Great Plains.
Pattern 5 includes what appear to be high-amplitude waves that extend downstream, though there is little or no interference pattern in the imagery. The Aqua MODIS water vapor image at 2010 UTC 3 September 2004 represents category 5 (Fig. 7) . The wave patterns extend out to the Great Plains and in the vicinity of the Front Range, the BT 6.7 gradient is generally greater then 4 K, and the wavelength is about 12 km.
Pattern 6 images are similar to those of pattern 5, except that the wave pattern exhibits interference. An example is the case at 1950 UTC 6 March 2004 (Fig. 8) .
On this day, the BT 6.7 gradient is greater then 5 K near the Front Range and extends into the Great Plains with a herringbone-type interference pattern. The waves occur over 200 km downwind from the mountains with a wavelength of approximately 15 km. Table 2 shows the number of incidences of each pattern and the number of days for that pattern in which the turbulence reports exceeded the mean by at least one standard deviation for each pattern. After categorizing the 89 wave events (see Table 1 ), the two most common types were low amplitude with short downstream extent (pattern 1), and low amplitude with long downstream extent, little or no interference, and short wavelengths (pattern 2). The two least common types were low amplitude with long downstream extent, high amounts of interference, and long wavelengths; and high amplitude with long downstream extent, high amounts of interference, and short wavelengths. Patterns 3, 4, and 6 were the most likely to be associated with pilot-reported turbulence. Both patterns 3 and 6 contain a herringbone-type interference pattern. The pattern in the water vapor imagery appears to arise form two waves coming from different directions, interacting, and generating this interference type pattern.
Summary
The combined analysis of pilot reports (PIREPS) of turbulence and MODIS imagery over the Colorado Front Range region during 2004 indicates that the higher the daily number of reports was above the yearly mean, the more likely it was that lee waves were seen in the satellite imagery. The presence of mountain wave signatures in the imagery did not necessarily signify a day with a high frequency of turbulent events of moderate intensity or higher. Thus, while a day with many PIREP reports of moderate intensity almost certainly exhibited mountain wave signatures, a day that exhibited mountain wave signatures in the satellite imagery could not always be considered extremely turbulent.
The satellite image analysis of the wave patterns, in conjunction with the turbulence severity noted by the PIREPS, indicated that waves exhibiting interference were concurrent with reports of high amounts of turbulence. This is supported by the fact that 13 of the 22 cases with interference were associated with many PIREP reports of turbulence, while only 16 of the 67 cases without interference were classified as turbulent. These numbers suggest that the interference pattern is associated with a high frequency of reported turbulence. While the results suggest that turbulence (intensity and the number of reports) cannot be determined with high probability from the pattern of the imagery alone, the study presents first results that can be used as a starting point for interpreting the probability of turbulence based on the observation of wave patterns. Combining the satellite water vapor imagery with wind measurements, from a wind profiler or radiosonde, along with information on thermal stability above the mountain barrier might provide a better nowcast of turbulence than do the wave patterns alone.
The MODIS instruments typically view one location of the middle latitudes three to four times in a 24-h period at high spatial resolution. The current Geostationary Operational Environmental Satellites (GOES) make a complete image over the continental United States once every 15 min during normal operation, at 4-km resolution in the infrared, which is a bit too coarse to highlight the detailed interference patterns shown by MODIS. The next-generation GOES satellites will improve our capability to monitor the weather and atmospheric conditions. The Advanced Baseline Imager (ABI) instrument on the GOES-R satellite, scheduled for launch in 2012, will have 16 spectral bands, a 5-min scan time for the continental United States, and 2-km resolution for infrared bands, including the water vapor channel (Schmit et al. 2005 ). The ABI instrument will improve our ability to monitor the formation and dissipation of these mountain wave signatures.
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